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Abstract 
Theoretical models of meso- and macroscale granitic melt/magma transport commonly invoke a 
prominent role for dilatant fracturing of the wall rocks, but supporting field evidence is in many 
cases only scantly presented. This dissertation is a compilation of three case studies that integrate 
some of the theoretical models with field-based aspects from the obliquely exposed south Central 
Zone magmatic arc of the Damara Belt in Namibia. 
Chapter 3 describes interconnected leucogranite networks that accommodate the transport of 
melt at the outcrop-scale in homogeneous, high-grade near-source gneisses in the western parts 
of the south Central Zone. The net-structured leucogranite networks include small intrafolial 
stringers, larger shear-band-hosted veins and still larger fracture-hosted leucogranite sheets, 
which display a size-based hierarchical distribution that results from the self-organisation of the 
near-source melt transport pathways. The development of the networks is controlled intrinsically 
by variations in the rate of melt supply. During periods of elevated melt supply and under 
conditions of low differential stress, melt-induced extensional fracturing generates hydraulic 
gradients that result in the formation of melt sheets which represent potential far-field ascent 
conduits (dykes sensu lato). However, the orientations of the sheets are controlled by wall-rock 
structures and regional and local stress fields, resulting in this case in the preservation and 
eventual crystallisation of shallowly-dipping leucogranite sheets that were unfavourably 
orientated to accommodate buoyancy-driven melt/magma drainage. 
Chapter 4 describes the actual drainage of magma along steeply-dipping fracture conduits 
initiated in well-layered upper amphibolite-facies basement gneisses ~30 km SE of the outcrops 
presented in chapter 1. Here, the moderately-dipping gneisses contain large-scale leucogranite 
networks that include deca- to hecto metre-scale subvertical leucogranite lenses interpreted to 
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document the near-source accumulation of magma necessary for efficient far-field ascent. Field 
relationships also document the drainage of the subvertical lenses at critical lengths and volumes 
in excess of 100 m and ~2.4×105 m3 respectively. These values as well as the field relationships 
are broadly consistent with theoretical models of magma transport along mobilised (self-
propagating) hydrofractures. Self-propagating hydrofractures propagate at their tips and close 
simultaneously along their tails, leaving behind only very subtle and easily overprinted evidence, 
which may account for the elusiveness of granite conduits in the mid-crust. This work presents 
the first field evidence of large-scale magma drainage along self-propagating hydrofractures and 
has important consequences for the subsequent transport of magma through and eventual 
incremental emplacement within the subsolidus crust.  
Chapter 5 examines in more detail the implications of fracture-controlled magma ascent for 
granite pluton emplacement in lower amphibolite-facies wall rocks ~80 km northeast of the near-
source features presented in chapters 3 and 4. Three closely-spaced tabular granitoid plutons that 
were emplaced roughly contemporaneously at widely-varying structural levels are investigated. 
Each of the plutons demonstrates the effect of mechanical contrasts in the wall-rock that favour 
fracture arrest rather than ascent, particularly rigidity and rheological contrasts. However, 
contrary to the theoretical models, it is shown that rigidity contrasts which cause fracture arrest 
need not be associated with lithological contacts and the role of increasing differential stress 
during the fracture-controlled ascent of magma towards the brittle-to-ductile transition is 
highlighted. 
The three chapters outlined above highlight the importance of fracture-controlled magma 
transport at all scales in the Damara Belt and substantiate some of the theoretical concepts, but 
also highlight prominent discrepancies between the models and natural systems.  
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Opsomming 
Teoretiese modelle van meso- en makroskaalse granitiese smeltsel/magma vervoer roep oor die 
algemeen ‘n prominente rol van dilatante breukvorming van die wandgesteentes, maar 
ondersteunende veldbewyse is in baie gevalle op ‘n onvoldoende wyse voorgestel. Hierdie 
proefskrif is ‘n samestelling van drie gevallestudies wat teoretiese modelle en veld gebaseerde 
aspekte vanuit die skuins ontblote suid-Sentrale Sone magmatiese boog van die Damara Belt in 
Namibië integreer. 
Hoofstuk 3 beskryf ‘n onderlinge verbindings netwerk van leukograniet wat die vervoer van 
smeltsel op dagsoomskaal akkommodeer in hoë-graad naby-bron gneise in die westelike dele van 
die suid-Sentrale Sone. Die netgestruktureerde leukograniet netwerke sluit in klein intrafoliese 
smeltselstringe, groter aar-draende skuifskeursones asook groter breukaangedrewe leukograniet 
plate wat grootte ‘n gebaseerde hiërargiese-verspreiding vertoon as gevolg van die self-
georganiseerdheid van die naby-bron smeltsel vervoer bane. Die ontwikkeling van die netwerk is 
intrinsiek beheer deur variansie in die tempo van smeltsel-toevoer. Smeltsel-geïnduseerde 
uitstrekkingsbreuking tydens periodes van lae differensiële spanning en verhoogde smeltsel 
toevoer genereer groot hidroliese gradiënte wat die vorming van groot smeltsel-plate dryf en 
gevolglik vêr-veld magma dreinerings leikanale kan vorm (gange sensu lato). Egter, die 
orientasie van die resultante breuke en gange word beheer deur strukture in die wandgesteentes 
asook regionale en lokale spanningsvelde, wat gevolglik lei tot die ontwikkeling en uiteindelike 
stolling van die vlak-inklinasie smeltsel plate wat ongunstig georienteer was om 
druifaangedrewe smeltsel dreinering te akkommodeer. 
Hoofstuk 4 adresseer die werklike dreinering van magma deur steil leikanale/gange wat in goed-
gelaagde boonste amfiboliet fasies vloergneise sowat ~30 km SO van die dagsome wat 
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aangebied is in hoofstuk 1. In die geval van die matig-hellende vloergneise met grootskaalse 
leukograniet netwerke, word deka- tot hektometerskaalse subvertikale leukograniet lense 
ingesluit en word geïnterpreteer om naby-bron akkumulasie van magma wat noodsaaklik is vir 
doeltreffende vêr-veld vervoer te dokumenteer. Veld verhoudings dokumenteer onderskeidelik 
ook die dreinering van die subvertikale lense teen kritiese lengtes en volumes in oormaat van 100 
m en ~2.4×105 m3. Hierdie waardes sowel as die veld verhoudings is oor die algemeen in 
ooreenstemming met teoretiese modelle van magma vervoer deur middel van gemobiliseerde 
self-propagerende hidrobreuke. Self-propagerende hidrobreuke propageer by hul toppunte en 
maak terselfdertyd toe by hul sterte en los dus baie subtiele en maklik-oordrukte bewyse agter 
wat moontlik rekening staan vir die ontwynkendheid van graniet leikanale in die middel-kors. 
Hierdie verteenwoordig die eerste veld gebaseerde bewyse van grootskaalse magma dreinering 
deur self-propagerende hidrobreuke en het belangrike gevolge vir die daaropvolgende vervoer 
van die magma deur en die uieindelike inkrementele inplasing daarvan binne in die subsoliduse 
kors. 
Hoofstuk 5 ondersoek in meer detail die implikasies van breuk-beheerde magma styging vir 
graniet pluton inplasing in laër-amfiboliet fasies wandgesteentes ~80 km noordoos van die naby-
bron strukture wat in hoofstukke 3 en 4 bespreek is. Drie nou-gespasieerde tabletvormige 
granietiese plutone wat ongeveer gelyktydig ingeplaas was teen wyd uiteenlopende strukturele 
vlakke in wandgesteentes is ondersoek. Elkeen van die plutone demonstreer die effekte van 
meganiese kontraste in die wandgesteentes wat breuk propagasie tot stilstand bring eerder as om 
voorsetting van propagasie te bevoordeel. Meer spesifiek, die drie plutone beklemtoon die rolle 
wat vertolk word deur vervormingvastheid en reologiese kontraste. Egter, in een geval is dit 
gewys dat die meganiese kontraste wat breuk propagasie stopsit word nie noodwendig 
geassosieer met litologiese kontakte nie, soos aanbeveel deur teoretiese modelle van magma 
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inplasing, deur die belangrikheid van toenemende differensieële spanning te beklemtoon soos 
wat temperature langs die stygingspad die brosheid-smeebaarheids-oorgang bereik. 
Die drie hoofstukke uiteengesit hierbo beklemtoon die belangrkheid van breukbeheerde magma 
vervoer op alle skale in die middel-kors van die Damara Belt en substansieer sekere van die 
teoretiese konsepte, maar lig ook uit prominente teenstrydighede tussen die modelle en 
natuurlike stelsels.  
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Chapter 1: Introduction 
1.1 Preface 
Granite research has traditionally been the domain of petrologists and geochemists investigating 
the nature of the processes of partial melting and the heat and fluid sources that lead to the 
generation of granitic magma at depth (e.g. Sederholm, 1907; Bowen and Schairer, 1956; 
Chappell and White, 1974; Pitcher, 1979; Campbell and Taylor, 1983; Herbert and Sparks, 
1988). Today, it is generally agreed that granitoid plutons represent the crystallised products of 
magmas generated for the most part by partial melting of continental crust (White and Chappell, 
1977; Clemens, 1998; Brown, 2013). Inputs from the mantle have also been recognised 
(Hawkesworth and Kemp, 2006) and, as a result, granitic magmatism is now regarded not only 
as the primary agent of intracrustal differentiation and recycling, but also of continental crustal 
growth (Rudnick, 1995; Taylor and McLennan, 2005). During early granite research, the 
physical processes involved in the movement of large volumes of magma through the crust were 
considered only peripherally (Petford et al., 2000) and, when discussed, were largely concerned 
with the so-called “granite space problem,” of accommodating the large magma volumes during 
emplacement, a problem that becomes particularly acute in the brittle upper-crust (Bowen, 1948; 
Read, 1948; Pitcher, 1979). The space problem has been partly addressed by a growing body of 
field (e.g. Wiebe and Collins, 1998; Miller and Paterson, 2001; Mahan et al., 2003; Belcher and 
Kisters, 2006; Miller et al., 2011), geochronological (e.g. Coleman et al., 1995; 2004; Johnson et 
al., 2003; Glazner et al., 2004; Westraat et al., 2005; Matzel et al., 2006; Michel et al., 2008; 
Kisters et al., 2012; Leuthold et al., 2012; Barboni et al., 2015) and structural (e.g. McNulty et 
al., 1996; Cruden et al., 1999; de Saint-Blanquat et al., 2001; Horsman et al., 2005; Morgan et 
al., 2008) evidence of incremental pluton assembly at much slower time-averaged rates than 
those necessary to maintain efficient magma ascent (Menand et al., 2015). Thus, our 
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understanding of the processes that transport magma from source regions in the mid- to deep 
crust to generally much shallower pluton emplacement levels continues to form the subject of 
significant debate. Early models combined ascent and emplacement by invoking the concept of 
magmatic diapirism (Buddington, 1959; Berner et al., 1972; Pitcher, 1979; Coward, 1981; 
Bateman, 1984; Ramsay, 1989; Paterson and Vernon, 1995), but by the early 1990s purported 
field evidence of granite diapirs was considered unconvincing (Clemens and Mawer, 1992) and 
improved modelling of magmatic systems had shown diapirs to be thermally and mechanically 
unfeasible, particularly in subsolidus crust (Mahon et al., 1988). Channelled fracture-controlled 
magma ascent is a more viable means of transporting viscous granitic magma through subsolidus 
crust fast enough to prevent it freezing (Castro, 1987; Clemens and Mawer, 1992; D’lemos et al., 
1992; Hutton, 1992; Petford et al., 1993; 1994). The development of ascent models based on the 
formation of discrete conduits requires the overall process of granitic magma transport to be 
subdivided into overlapping steps involving (1) the segregation of partial melt from its parent 
material, (2) the focusing of melt/magma towards discrete ascent conduits, (3) the far-field 
ascent of magma in the conduits and (4) the arrest of ascent and the emplacement of plutons 
(Petford et al., 2000; Brown, 2004; Bons et al., 2009). Together these sub-processes must extend 
over up to 9 orders of magnitude in length-scale and result in volume concentration factors of up 
to 1027 (Bons et al., 2009). This dissertation focuses on the structural controls of the macroscale 
processes of granitic melt/magma transport (melt segregation and focusing, magma ascent and 
magma emplacement) in convergent settings and is based on natural examples from the high-
grade south Central Zone of the Pan-African Damara Belt in central Namibia. 
1.2 Research rationale 
Melt/magma transport at the outcrop-scale is usually studied in the field, but any interpretations 
are based on the static remnants of melt conduits whose mere preservation would indicate failed 
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melt drainage. The problem then becomes a question as to what extent the granite stringers, 
sheets or interconnected stockworks that are perceived to represent melt transport networks in 
the rock-record actually represent efficient segregation and ascent conduits. In order to overcome 
this problem, and perhaps even more so due to a lack of field evidence, our understanding of the 
processes of far-field granitic magma transport is largely based on analogue and numerical 
models which are better suited to describing the transport of more inviscid mafic magmas or 
hydrothermal fluids. The models are tentatively scaled to be suitably representative of the 
conditions in the ductile mid-crust during the transport of much more viscous granitic magmas. 
Likewise, the controls on the depth of pluton emplacement, which are of fundamental 
importance to subsequent pluton development, have been extensively modelled (numerically and 
by analogue), but are demonstrated mostly in brittle regimes in the field, whereas granite pluton 
emplacement occurs at all crustal levels above the anatectic zone. Somewhat strangely, 
considering the formerly vexing “granite space problem,” perhaps the best concurrence between 
reality and the models is obtained for the processes of wall-rock deformation that accommodate 
pluton growth, which have been extensively modelled in addition to having been studied in detail 
in the field (e.g. Benn et al., 1998; Cruden, 1998; Scaillet et al., 1995). 
A large part of our understanding of granitic magma transport is based on numerical or analogue 
models that, due to the dynamic nature of the processes and the apparent lack of field evidence, 
have not been tested in the field and in nature. The likelihood of recognising field evidence of 
far-field magma transport increases if extensive sections of the mid- and deep-crust are 
preserved. The south Central Zone (sCZ) of the northeast-trending Damara Belt in Namibia 
represents just such a traverse, exposing an oblique section through the magmatic arc of the belt, 
with its deeper levels (~25 km), containing abundant small-scale leucosome/leucogranite 
networks, exposed in the west and progressively shallower levels (~12 km), characterised by the 
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emplacement of voluminous granitoid plutons, exposed along strike towards the east. This 
obliquity and the outstanding exposure provided by the semi-arid climate represent a superb field 
laboratory in which to test and evaluate some of the theoretical concepts of magma transport and 
to integrate them with observations from the field. 
By using case studies from the sCZ as an example, this dissertation aims to address the following 
general questions (see Fig. 1.3): 
 To what extent do the leucogranite networks common in high-grade migmatites record 
relict melt/magma transport pathways and what controls their development and 
preservation? 
 What are the links between these leucogranite networks and far-field magma ascent? 
 What are the mechanism(s) of far-field granitic magma ascent and why is so little 
evidence of the transfer of large volumes of magma preserved in the mid-crust? 
 What mechanism(s) arrest ascent and initiate the emplacement of granitoid plutons? 
1.3 Structure of the dissertation 
By utilising the oblique traverse exposed in the sCZ, this cumulative dissertation presents the 
results of three separate projects that assess the structural processes of (1) decametre-scale near-
source melt/magma transport and focusing, (2) large-scale (~105 m3) near-source magma 
accumulation and the onset of far-field ascent and (3) the arrest of ascent and initiation of pluton 
emplacement (Fig. 1.3). This approach is supported throughout by the integration of the field-
based data with established theoretical concepts and models.  
The dissertation is laid out as follows: 
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Chapter 2 provides the relevant background as well as a brief description of the pertinent aspects 
of the geology and setting of the sCZ. 
Chapter 3 describes mechanisms of near-source melt segregation and transport in granulite-facies 
gneisses through the formation of interconnected leucogranite networks that show characteristics 
of self-organised behaviour (Fig. 1.3). 
Chapter 4 describes the episodic accumulation and drainage of large volumes of magma outside 
the zone of partial melting, but within suprasolidus crust, interpreted to represent the initiation of 
far-field ascent of the magma batches that later accumulate at emplacement sites higher up in the 
crust (Fig. 1.3). 
Figure 1.3: Schematic illustration showing the stages of granitic melt/magma transport 
discussed in the dissertation with respect to crustal-scale melt/magma transport. Depicted 
P-T conditions reflect those of the wall rocks in the south Central Zone of the Damara Belt. 
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Chapter 5 compares the structural and/or lithological and/or stress controls on the level of 
emplacement of three closely-spaced syntectonic plutons situated at different structural levels in 
the lower amphibolite-facies central parts of the sCZ (Fig. 1.3). 
Chapter 6 is the conclusion chapter and aims to summarise and synthesise the broader 
implications of the research and highlight the issues that remain unresolved by suggesting 
potential avenues for future research. 
Chapters 3 and 5 of this cumulative dissertation represent published works that have appeared in 
Earth and Planetary Science Letters and the Journal of African Earth Sciences respectively. Full 
references for these and other research outputs from this project are presented in Appendix A. 
Chapter 4 has been submitted to the Journal of Metamorphic Geology and is, at the time of 
writing, undergoing peer review. 
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Chapter 2: Background 
2.1 Microscale melt transport and small-scale segregation 
Large-scale magma transport requires that melt first become separated from its protolith, within 
which melting occurs at temperatures >~650 ºC along the triple-point junctions and contacts 
between reacting mineral grains (Jurewicz and Watson, 1984; Sawyer, 2001; Holness and 
Sawyer, 2008). Broadly speaking, prograde partial melting may follow one of two reaction 
pathways depending on the availability of hydrous fluids, either within the protolith or 
introduced from elsewhere along deformation-controlled pathways (e.g. Ward et al., 2008; 
Sawyer, 2010). Fluid-present partial melting occurs readily at relatively lower temperatures, but 
is usually considered of secondary importance since only a small amount of hydrous fluid 
remains in crustal rocks as temperatures near the wet solidus (Kriegsman, 2001; Brown, 2013). 
Moreover, fluid-present partial melting reactions are associated with negative dP/dT slopes 
(negative volume change) that concentrate rather than diffuse melt during initial partial melting 
(Clemens and Droop, 1998). Fluid-absent partial melting usually occurs by the breakdown of 
hydrous micas or amphiboles and is associated with a positive dP/dT slope (Clemens and Droop, 
Op. cit.; Petford and Koenders, 1998; Rushmer, 2001; Droop and Brodie, 2012). This increase in 
volume is crucial in the early stages of melt segregation in generating the pressure gradients that, 
along with the interfacial tension between the melt and the matrix grains of the protolith (Brown 
et al., 2011), result in the development of locally pervasive microscale melt networks that 
eventually fill the porosity created during partial melting when melt concentrations reach the 
melt connectivity transition at ~7-8 vol.% melt (Vigneresse et al., 1996; Rosenberg and Handy, 
2005). Below this threshold, melt remains trapped within the grain framework of the protolith 
unless deviatoric stresses create gradients in magmastatic head down which the melt may be 
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mobilised into larger contiguous melt-bearing structures or networks (Holness and Sawyer, 2008; 
Sawyer, 2008; 2014). 
At melt concentrations above ~7-8 %, the melt pockets connect, the wall-rocks weaken 
significantly (Arzi, 1978) and melt begins to flow through, and thereby segregate from, its 
residuum under the influence of by gravity-, stress- or deformation-induced pressure gradients. 
The precise mechanisms by which segregation occurs are controversially discussed (Sawyer, 
2014), but melt movement at the grain scale must be limited by the viscosity and distribution of 
the melt. This causes melt pressure to increase with continued melting, promoting melt-induced 
shearing of the wall-rock matrix during compaction, locally enhancing the permeability of the 
protolith and the efficiency of melt segregation (Rutter and Mecklenburgh, 2006). The 
presence/strength of pre-existing anisotropies and fabrics in the protolith also plays an important 
role in controlling the development of the locally pervasive networks of anisotropy-parallel melt 
veins (Sawyer, 2014) and melt-filled oblique shear-bands that are preserved as outcrop-scale 
deformation band- or net-structured leucosome networks in most migmatite terrains (Sawyer, 
2008). These leucosomes usually preserve cumulate compositions (residue + some melt; Solar 
and Brown, 2001; Johnson et al., 2003; Sawyer, 2008; Brown et al., 2014) and the networks are 
commonly interpreted as recording former melt transport pathways that accommodate the 
transport of melt within and eventually out of source layers (e.g. Brown, 1994, 2013; Tanner, 
1999; Marchildon and Brown, 2003; White et al., 2004; Morfin et al., 2013; Weinberg et al., 
2013; 2015). 
2.2 Macroscale magma transport 
2.2.1 Melt segregation and focusing 
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Outcrop-scale leucosome networks accommodate the transport of magma away from sites of 
partial melting within the confines of the source layer and typically coarsen with increasing 
distance from the source (Sawyer, 2014). Eventually, relatively coarse leucosome networks 
accomplish mesoscale magma transport out of the source layers down buoyancy- or deformation-
induced pressure gradients. Pressure gradients resulting from buoyancy are initially only small 
(Rutter and Mecklenburgh, 2006) and the largest driving force of melt extraction at this scale is 
believed to be the dilation associated with dilatant shearing and extensional fracturing promoted 
by the reduced mean and differential stresses in partially molten/high-grade wall rocks 
(Davidson et al., 1994). These conditions result in the development of the magma-filled fracture 
networks represented by leucogranite fracture networks in migmatite terrains (Vanderhaeghe, 
1999; Kisters et al., 2009; Weinberg and Regenauer-Lieb, 2010; Reichardt and Weinberg, 2012). 
In addition to acting as magma transport conduits themselves, the intersections between these 
fracture geometries result in the development of permeable corridors along which the magmas 
may be pervasively transported in response to buoyancy and deformation-induced gradients 
towards extraction points near the top of the anatectic zone from where far-field melt ascent can 
be initiated (Weinberg, 1999). 
2.2.2 Far-field magma ascent 
Far-field magma ascent through subsolidus crust remains the most controversial stage in the 
transport of granitic magmas from deep sources to shallow sinks, due in part to the perceived 
lack of physical field evidence in exposed mid-crustal terrains. The formation of near-pervasive 
magma-filled fracture networks described above accommodates the ascent of magma in the 
suprasolidus anatectic zone, but the networks are not sustainable under subsolidus conditions 
(Weinberg, 1999). Thus, mechanisms of discrete, focused magma ascent are generally 
considered more viable for the transport of the magma across and beyond the anatectic front into 
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cooler overlying rocks. Fracture-controlled models of magma ascent along dykes or self-
propagating hydrofractures are the most prominent discrete far-field ascent mechanisms in the 
literature (Fig. 1. 3; e.g. Lister and Kerr, 1991; Clemens and Mawer, 1992; D’lemos et al., 1992; 
Hutton, 1992; Petford et al., 1993; 1994; 2000; Bons et al., 2001; 2009; Reichardt and Weinberg, 
2012). Fracture-controlled conduits are thought to form as brittle-elastic mode I fractures that 
open against the least compressive principal stress (Anderson, 1951), generating large pressure 
gradients that strongly focus magma from the wall rocks. Magma transport is achieved by the 
propagation of the fractures at their tips in response to tensile stresses generated by the buoyancy 
of the magma they contain (Cook et al., 1964; Pollard, 1973; Clemens and Mawer, 1992; 
Nakashima, 1993; Gudmundsson and Brenner, 2001). The fractures may also utilise pre-existing 
anisotropies, allowing the ascent of magma along fractures that form parallel to steep 
anisotropies in convergent settings (Lucas and St-Onge, 1995; Brown and Solar, 1998). 
Nevertheless, the problem of the lack of field evidence persists and our understanding of 
fracture-controlled granitic magma ascent is based largely on conceptual, analogue and two-
dimensional analytic/numerical modelling (see Rivalta et al., 2015). Both of the models of 
fracture-controlled of magma ascent (dykes and self-propagating hydrofractures) require the 
accumulation of magma within- or near the suprasolidus source rocks for ascent to be efficient 
(Diener et al., 2014), and the question as to whether pervasive near-source magma fracture 
networks accumulate sufficient hydraulically connected melt to feed the ascent conduits remains 
controversial (Bons et al., 2009). 
2.3 Pluton emplacement levels 
The contrast between steeply-orientated buoyancy-driven ascent conduits and the commonly 
subhorizontal granitoid plutons implies that emplacement is initiated where subvertical magma 
transport switches to subhorizontal (Menand, 2011). Furthermore, many plutons are now 
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recognised as laterally extensive bodies with broadly tabular aspect ratios (McCaffrey and 
Petford, 1997; Cruden, 1998) that are assembled by the repeated accretion of sills (Annen et al., 
2006; 2015; de Saint-Blanquat, 2006; Menand, 2008; Annen, 2011; Leuthold et al., 2012). The 
process by which emplacement is initiated has accordingly become known as the dyke-to-sill 
transition. A primary control for some level of neutral buoyancy on the dyke-to-sill transition has 
been largely disregarded due both to field evidence and analogue modelling (Menand, 2011). 
Since dykes propagate ideally at high-angles to the least compressive principal stress, stress 
rotation has also been suggested as a potential control on the level of emplacement, but the 
propagation of fractures along anisotropies at high angles to the least compressive stress 
(Rosenberg, 2004) as well as analogue models (Menand et al., 2010) suggest that stress rotation 
on its own is unlikely to initiate sill formation and pluton emplacement.  
Instead, a mechanical control on the dyke-to-sill transition is suggested by the so-called level of 
preferred emplacement around the brittle-to-ductile transition in the upper-crust (Vigneresse, 
1995; Brown and Solar, 1999; Burov et al., 2003). The role for the mechanical properties of the 
wall rocks is consistent with the propagation of fractures through heterogeneous crust (Brenner 
and Gudmundsson, 2004; Taisne and Jaupart, 2009; Gudmundsson et al., 2010). Mechanical 
anisotropies that may arrest ascending dykes include fractures and slipping bedding contacts 
(Cooke and Underwood, 2001) and contacts between wall rocks of contrasting stiffness (Youngs 
moduli) or rheology (e.g. Gudmundsson, 2011; Wiebe and Collins, 1998). Kavanagh et al. 
(2006) found that the mere presence of these anisotropies may arrest fracture ascent, but is 
insufficient to initiate sill development and, thus, pluton emplacement where the strength of the 
arresting interface is high. 
2.4 Geology of the south Central Zone 
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2.4.1 Tectonic framework 
The NE-trending Damara Belt in central Namibia represents the suture formed during 
convergence, subduction and eventual soft collision between the Kalahari and Congo Cratons as 
part of Gondwana assembly in the Pan-African (c. 550-500 Ma; Fig. 2.4.1; Miller, 1983; Gray et 
al., 2008; Meneghini et al., 2014). The belt has been divided into several NE-trending 
tectonostratigraphic zones that reflect the bivergent symmetry typical of collisional belts 
worldwide (Miller, 1983; 2008). The high-grade Central Zone magmatic arc of the belt is divided 
into the relatively lower grade north Central Zone (nCZ) and the higher grade south Central Zone 
(sCZ), the latter of which contains the three case studies presented in chapters 3, 4 and 5. 
Figure 2.4.1: The Damara Belt records the Pan-African (c. 550-500 Ma) suturing of the 
Kalahari and Congo Cratons. The tectonostratigraphic subdivision (zones labelled) of the 
belt after Miller (1983; 2008) subdivides the Central Zone magmatic arc into a lower grade 
north- and a higher grade south Central Zone (nCZ and sCZ). The locations of the three case 
studies from the sCZ presented in chapters 3, 4 and 5 are indicated by asterisks. NZ = 
Northern Zone; OLZ = Okahandja Lineament Zone; SZ = Southern Zone; SMZ = Southern 
Marginal Zone. Modified after Miller (1983) and Kisters et al. (2009). 
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2.4.2 Lithostratigraphy 
The sCZ provides the deepest levels of exposure in the Damara Belt and includes isolated dome-
like inliers of Palaeoproterozoic (c. 2.0-1.7 Ga; Kröner et al., 1991; Tack et al., 2002) basement 
gneisses that trace the leading edge of the Congo Craton. The basement inliers are largely 
undifferentiated and are comprised mostly of quartzofeldspathic gneisses and metavolcanics that 
are intruded in many cases by much younger Pan-African granites (Miller, 2008). A pronounced 
unconformity marks the contact between the basement rocks and the overlying Proterozoic 
Damara Supergroup. The Damara Supergroup comprises a highly heterogeneous mixed 
siliciclastic/carbonate succession that documents the evolution of the Damara Belt from initial 
rifting through final convergence. Correspondingly, the Damara Supergroup is strongly 
mechanically layered from the level of the basement cover contact, which represents a major 
crustal-scale discontinuity that can be traced long the length of the sCZ, through to contacts in its 
upper parts that juxtapose rheologically distinct siliciclastic and carbonate metasediments. This 
mechanical heterogeneity exerts a marked control on the level of granite emplacement 
throughout the sCZ (Miller, 2008; Kisters et al., 2012), although the reasons for this have not 
been discussed in any detail. 
2.4.3 Structural geology 
The structure of the sCZ is the result of two or three deformational events (Jacob, 1974; Miller, 
1983). D1/D2 are similar, low-angle events characterised by the development of bedding-parallel 
fabrics and recumbent folds that are refolded and commonly overprinted by D2/3 folding. 
Upright and slightly NE-SW verging, ENE-trending folding during D2/3 produced the prominent 
NE-trending grain of the sCZ. The folds are associated with ENE-trending axial planar foliations 
(S2/S3) that commonly contain shallowly NE-plunging hinge-parallel stretching lineations (L3). 
D3 also record top-to-the-NW thrusting, which is localised in the high-grade west into the 
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pervasively recrystallised marble units of the Damara Supergroup. The same region is 
characterised by pervasive orogen-parallel constrictional strains, such as SW-closing sheath folds 
(Coward, 1983) and shallowly SW/NE-plunging mineral stretching lineations (L2/3), that formed 
in response to orogen-parallel extrusion of the lower parts of the belt (Downing and Coward, 
1981; Oliver, 1994). Overall, D2/3 deformation in the sCZ records the rheologically-controlled 
response of wall rocks at various structural levels to high-angle NW-SE directed shortening 
during convergence and NW-directed subduction of the Kalahari beneath the Congo craton 
(Gray et al., 2008). 
2.4.4 Metamorphism and partial melting 
The CZ Damara Belt is a typical high-T, low-P terrain with its highest grades recorded in the far 
west of the sCZ, along the Atlantic seaboard around the town of Swakopmund (Fig. 2.4.4). 
Metamorphic conditions recorded in garnet- and cordierite-bearing metapelites in this area and 
some 30 km inland indicate peak conditions of 7±0.5 kbar at 750±50 ºC (Masberg, 2000) and 
5±1 kbar at 750 ºC respectively (Jung and Mezger, 2003). These conditions resulted in both the 
fluid-present and fluid-absent partial melting of fertile lithologies of the Damara Supergroup in 
the western sCZ (Masberg, 2000; Jung and Mezger, 2003; Ward et al., 2008). Further east, 
around the town of Karibib in the central sCZ, mid- to lower amphibolite-facies conditions of 
3±1 kbar and 550-600 ºC are documented by dolomite-calcite thermometry and confirmed by 
isotopic fractionation during the hydrothermal alteration of a calcite-, garnet- and clinopyroxene-
bearing assemblage by a peak-metamorphic mineralising fluid at the Navachab Gold Mine 
(Puhan, 1983; Dziggel et al., 2009; Wulff et al., 2010). This progression documents a gradual 
decrease in metamorphic grade from west to east along the strike of the sCZ (Fig. 2.4.4) that is 
interpreted as recording the oblique exposure of the belt from mid- to lower-crustal levels (20-25 
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km) in the west to progressively shallower levels towards the east, reaching ~8-12 km around 
Karibib. 
Figure 2.4.4: Metamorphic zonation for pelitic rocks in the north (nCZ) and south Central 
Zones (sCZ). Locations of the case studies discussed in chapters 3, 4 and 5 are indicated by 
the white asterisks. Adapted from Miller (2008). 
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The timing and heat sources for metamorphism in the sCZ remain contentious, with various 
authors suggesting between one and three episodic thermal peaks that span c. 540 and 470 Ma. 
Masberg (2000) argues for a single prolonged metamorphic event from c. 540-500 Ma, which 
records a clockwise P-T path that documents prograde heating and compression during crustal 
thickening, through isothermal decompression to later isobaric cooling. Nex et al. (2001) suggest 
a multi-stage evolution with the first peak being characterised by medium-P (4±1 kbar), medium-
T (550-600 ºC) metamorphism during collision and orogenic thickening at c. 540-530 Ma. A 
broadly contemporaneous thermal event was attributed by Meneghini et al. (2014) to ridge 
subduction in the late Neoproterozoic and early Cambrian. Most authors agree that this early 
episode was followed by a pronounced high temperature (>700 ºC), medium pressure (5±1 kbar) 
event between 530 and 510 Ma (Jung and Mezger, 2003). This later event has been suggested to 
be a result of crustal thickening by some authors (e.g. Jung and Mezger, Op. cit.) and slab 
detachment and mantle upwelling by others (e.g. Meneghini et al., 2014). A third, post-tectonic 
metamorphic peak, is commonly related to heat advection associated with emplacement of the 
voluminous late- to post tectonic S-type granitoids into the sCZ (Gray et al., 2006). However, 
this association is somewhat ambiguous as all three of the peaks are broadly coeval with an 
equally prolonged period of episodic magmatism in the sCZ, suggesting that the effects of 
“regional” metamorphism and the advection of heat associated with voluminous granitic 
magmatism are closely related and not easily distinguished in the region. 
2.4.5 Granitic magmatism 
The prolonged metamorphism in the sCZ is reflected by a similarly long-lived period of granitic 
magmatic activity (Fig. 2.4.5). Although extensive evidence of in situ partial melting is 
preserved in the western sCZ, granitoid plutons in the sCZ generally preserve Nd, Sr, and Pb 
isotopic signatures related to the high-T, high-P (P up to ~10 kbar, T up to ~1000 °C) partial 
Stellenbosch University  https://scholar.sun.ac.za
  Background 
22 
melting of both the felsic mid- and mafic lower-crust of the belt (Jung et al., 2002; 2015; 
Ostendorf et al., 2014; Osterhus et al., 2014; Stammeier et al., 2015). An input from the 
lithospheric mantle is also recognised in some cases (Jung et al., 2015). 
Figure 2.4.5: Map of the granitic intrusive rocks in the south Central Zone (sCZ). Locations 
of the case studies discussed in chapters 3, 4 and 5 are indicated by the white asterisks. 
Adapted from Miller (2008). 
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The oldest granitoid suite, known as the Goas Diorite Suite comprises gabbroic- to granodioritic 
plutons that record U-Pb zircon ages between c. 570 and c. 545 Ma that are consistent with 
emplacement during crustal convergence (De Kock et al., 2000; Jacob et al., 2000; Jung et al., 
2002; Milani et al., 2014). The intrusion of the Goas Suite is confined to the area southwest of 
Karibib in the central sCZ, where they form numerous roundish plutons developed around the 
locally-exposed basement-cover interface (Fig. 2.4.5). The slightly younger Salem Granite Suite 
is far more widespread and commonly forms extensive (up to 1000s of km2) sheet- or lopolith-
like, texturally distinctive biotite granite plutons whose emplacement is lithologically controlled 
within the upper parts of the Damara Supergroup (Miller, 2008). Salem-type granites are 
commonly folded parallel to the regional trends, suggesting an early timing that is reflected by 
U-Pb zircon ages of between 555 and 545 Ma (Johnson et al., 2006; Kisters et al., 2012; 
Ostendorf et al., 2014). The youngest widespread granites in the sCZ are post-tectonic, 
peraluminous S-type granites that were emplaced through region between c. 525 and 510 Ma, at 
the same time as the basement gneisses and Damara Supergroup were undergoing partial melting 
in the far-west of the sCZ (Jung and Mezger, 2003). 
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Chapter 3: Melt segregation and near-source transport 
This chapter constitutes a presentation of the published research paper: The stabilization of self-
organised leucogranite networks– implications for melt segregation and far-field melt transfer 
in the continental crust1 by Hall and Kisters. 
This paper was first authored by Duncan Hall with standard supervision entailing academic 
guidance and editorial support from Alex Kisters. The following aspects were carried out 
independently by Duncan Hall: (1) field work and data collection, (2) processing and 
interpretation of the data, (3) box-counting image analyses and interpretation, (4) preparation and 









1Hall, D. J. & Kisters, A. F. M, 2012. The stabilization of self-organised leucogranite networks-
Implications for melt segregation and far-field melt transfer in the continental crust. Earth 
and Planetary Science Letters, 355, 1-12. 
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Chapter 4: Magma accumulation and ascent 
This chapter constitutes a presentation of the research paper: Covering their tracks – episodic 
accumulation and drainage of granitic magma batches in the mid-crust1 by Hall and Kisters, 
which has undergone a first revision and has been resubmitted to the Journal of Metamorphic 
Geology. 
This manuscript was first authored by Duncan Hall with standard supervision entailing academic 
guidance and editorial support from Alex Kisters. The following aspects were carried out 
independently by Duncan Hall: (1) field work and data collection, (2) interpretation of the field 
data (3) conceptual integration of the field data with theoretical models of fracture-controlled 
























1 Hall, D.J. & Kisters, A.F.M., first revision J. Met. Geol. [under review]. Covering their tracks 
– episodic accumulation and drainage of granitic magma batches in the mid-crust. [assigned 
manuscript no: JMG-15-0086]  
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Chapter 5: Pluton emplacement levels in the mid-crust 
This chapter constitutes a presentation of the published research paper: From steep feeders to 
tabular plutons – Emplacement controls of syntectonic granitoid plutons in the Damara Belt, 
Namibia1 by Hall and Kisters. 
This paper was first authored by Duncan Hall with standard supervision entailing academic 
guidance and editorial support from Alex Kisters. The following aspects were carried out 
independently by Duncan Hall: (1) field work and data collection during detailed mapping of the 
Kubas granite, (2) processing and interpretation of the structural data from the Kubas granite to 
determine the controls on the level of emplacement (3) entirely new interpretations of the 
controls on the emplacement of the Mon Repos and Stinkbank intrusions based on regional 
mapping by Chris Anthonissen and Martin Vietze as part of their unpublished Masters degrees 
(cited in the paper) (4) preparation and submission of the manuscript and (5) manuscript revision 






1 Hall, D. & Kisters, A., 2016. From steep feeders to tabular plutons–Emplacement controls of 
syntectonic granitoid plutons in the Damara Belt, Namibia. Journal of African Earth Sciences, 
113, 51-64.  
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Erratum: the key to the failure envelopes in the Mohr diagrams illustrated in figure 9 is reversed. The dashed 
failure envelop represents failure parallel to the anisotropy and the solid envelop failure across the anisotropy. 
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Chapter 6: Synopsis, conclusion and outlook 
6.1 Synopsis 
Models of fracture-controlled granitic magma transport developed in response to the recognition 
that highly permeable fracture-controlled conduits can provide pathways along which viscous 
granitic magma can flow sufficiently rapidly to traverse large sections of subsolidus crust. The 
three case studies encompassed by dissertation document a dominant role for fracture-controlled 
melt/magma transport at all scales in the sCZ of the Damara Belt and highlight several new 
aspects that provide valuable insights into the questions outlined in the introductory chapter, 
which are briefly reiterated as:  
 Do within- and near-source leucosome/leucogranite networks represent melt transport 
pathways and what controls their development and preservation? 
 How are the networks related to far-field magma ascent? 
 How are magmas transferred through the mid-crust without leaving behind obvious 
evidence? 
 What controls the arrest of ascent and initiation of pluton emplacement? 
This synopsis independently outlines the major contributions and main implications of each 
chapter and how these findings have addressed the above questions. The general conclusion that 
follows will present the findings and implications of this dissertation in combination by briefly 
sketching an outline of fracture-controlled granitic magma transport at the crustal-scale. 
Chapter 3 advances our understanding of near-source melt segregation and transport by 
demonstrating the development of outcrop-scale self-organised melt networks independently of 
the pronounced wall-rock heterogeneities that are commonly assumed to control the geometries 
of similar networks elsewhere. Thus, the development of the transport networks is controlled by 
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intrinsic variations in melt pressure, which can be shown to trigger the formation of the kind of 
large, fracture-controlled melt geometries that are commonly called for as far-field ascent 
conduits. However, this internal control is superimposed by external parameters, such as local 
and regional stress fields and local wall-rock structures, which determine the efficiency with 
which the networks can be drained. Nevertheless, even in poorly-drained networks, the vein 
geometries record the local transport of melt in response internally-generated pressure gradients, 
suggesting that the interpretation of leucosome/leucogranite networks as local melt/magma 
transport pathways in migmatite terrains is indeed sound. More interesting than the outcrop-scale 
preservation of individual poorly-drained melt transport networks are the broader implications 
for the efficiency of crustal-scale fracture-controlled melt transport in general. For example, 
convergent settings are characterised by subhorizontal compression that will generally result in 
the development of poorly-drained subhorizontal rather than subvertical fractures during times of 
elevated melt production. Thus, the abundant preservation of the leucogranite networks that 
make the western sCZ so amenable to the study of within- and near-source melt/magma transport 
processes could be attributed to the high-angle of the NW-SE directed convergence and collision 
between the Kalahari and Congo Cratons. In contrast, in obliquely convergent settings 
characterised by transpression, the development of large-scale transpressive or transcurrent shear 
zones may act as tectonically-controlled magma conduits that lead to fairly efficient drainage of 
melt from the anatectic zone, resulting in the preservation of fewer within- and near-source melt 
transport networks. 
Chapter 4 advances our understanding of the nature and genesis of far-field granite ascent 
conduits by documenting for the first time the large-scale accumulation and episodic vertical 
drainage of magma along self-propagating hydrofractures from within much smaller melt/magma 
transport networks in suprasolidus rocks close to the source of partial melting. The ascent of 
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magma within critically-large fractures that close and decouple from their source networks 
implies an episodicity of magma ascent and a potential spatial variability of magma sources that 
contribute to compositional and isotopic heterogeneities within macroscopically/cryptically 
composite granitoid plutons (e.g. Pressley and Brown, 1999; Clemens, 2003; Clemens et al., 
2009). Moreover, source and melt/magma compositions are likely to evolve continually with the 
successive extraction of relatively small individual melt batches from the source region. Thus, 
the petrological complexities of plutons do not arise entirely from processes that take place at the 
emplacement level, but also record the processes that occur and evolve at each stage of 
melt/magma transport and ascent. Another important implication related to the episodicity of 
ascent is that magma chambers are almost certainly not a natural consequence of crustal partial 
melting and melt/magma ascent, and are only likely to arise when rates of melt production in the 
source are high enough to invigorate frequent ascent episodes (Annen et al., 2015). 
Conclusively demonstrating a role, in reality, for fracture-controlled ascent also has fundamental 
implications for the ascent paths of the magmas through the crust and the eventual level at which 
ascent is arrested and emplacement initiated. Fracturing is significantly more efficient where 
propagation can take place along some pre-existing wall-rock anisotropy, implying that regions 
of the crust characterised by steeply-dipping anisotropies will promote the ascent of relatively 
smaller magma batches than those that ascend through horizontally stratified wall-rock, where 
larger volumes are needed for efficient ascent. This role for anisotropies has important 
implications in determining whether the magmas are emplaced as fractures are arrested or reach 
close enough to the surface to form reservoirs for volcanic eruptions.  
Chapter 5 advances our understanding of the controls on the level of emplacement of tabular 
granitoid plutons in the mid-crust by demonstrating the effects of mechanical anisotropies in the 
wall rocks, even at temperatures in excess of 500 °C. Moreover, the effects of increasing 
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differential stress on fracture-controlled magma ascent are demonstrated by the development of 
stress barriers independently of lithological variation in homogeneous regions of the crust. The 
coupling of increasing levels of differential stress along the ascent paths in lithologically 
heterogeneous sections of the crust amplifies the lithologically-controlled mechanical 
anisotropies that are thought to represent the primary control on the level of emplacement, but 
this effect is also dependent on the prevailing P-T conditions that determine the rheological state 
of the compositionally-layered wall rocks and may account for the significant variability in 
pluton emplacement levels. 
6.2 Conclusion 
The continuum of processes outlined by the case-studies presented here sketches a coherent 
model of fracture-controlled macroscale melt/magma transport in the south Central Zone of the 
Damara Belt, highlighting that while the formation of melt/magma transport conduits is 
internally controlled, local and regional external factors are likely to determine the degree to 
which the anatectic zone was drained (Fig. 6.1). The most important external parameter is the 
level of differential stress sustained in the wall rocks within the anatectic source and along the 
path of ascent (Fig. 6.1). Stress homogenisation in ductile source regions leads to very low levels 
of differential stress, which promotes the formation of the self-organised fracture networks. The 
formation of self-propagating hydrofractures is initiated during times of anomalously high melt 
supply and their ascent is promoted by low-levels of differential stress along steeply-orientated 
crustal-scale anisotropies such as upright, tightly folded sequences, basement-cover 
discontinuities and, although not the case in the Damara Belt, crustal-scale shear zones. The self-
propagating hydrofractures are isolated magma-filled fractures whose volume is determined by 
the critical ascent volume at the source and should be reflected at the emplacement site by the 
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volumes of the sheets that make up the commonly macroscopically sheeted plutons in the mid-
crust of the Damara Belt. 
Figure 6.1: Synoptic sketch of crustal-scale fracture-controlled melt/magma transport. 
Extensional fractures form and inflate within smaller-scale melt/magma networks under 
conditions of low-differential stress and elevated melt/magma pressure. Ascent along self-
propagating hydrofractures is initiated once the fractures become critically buoyant. Fracture 
arrest is controlled by the mechanics of the wall rocks and may occur where (1) ascending 
fractures intersect ductile horizons or (2) where increasing differential stresses amplify 
mechanical anisotropies in the wall rocks with decreasing temperature. Areas of locally lower 
differential stress, such as shear zones or the axial planes of upright folds, enhance the 
overall efficiency of ascent, promoting ascent into higher levels in the crust. 
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The actual emplacement of the plutons can also be related to differential stress, which increases 
as temperatures decrease during ascent towards the brittle-to-ductile transition (Fig. 6.1). Around 
the brittle-to-ductile transition, the differential stress reaches a maximum, and magnifies the 
mechanical anisotropies within the lithologically heterogeneous wall rocks of the Damara 
Supergroup, which in turn control the arrest of ascent. Thus, pluton emplacement in the crust 
broadly mimics the differential stress profile, which itself will be perturbed by the increasing 
temperatures with the advection of heat along with the emplacement of the magmas, leading to 
progressive changes in emplacement levels as the orogen matures. Pluton growth is 
accomplished by the repeated emplacement of the magma contained within the self-propagating 
hydrofractures along mechanical anisotropies introduced by the emplacement of earlier phases 
(Fig. 6.1). The sensitivity of the differential stress to variations in temperature and the 
mechanical properties of the wall rocks accounts for the occurrence of far greater volumes of 
intrusive than extrusive igneous rocks in convergent settings such as the Damara Belt.  
6.3 Future outlook 
The work presented in this dissertation mainly describes the physical processes of fracture-
controlled magma transport, but the recognition of the validity of these models has significant 
implications for both structural and petrological aspects of granitic magmatism and highlights 
several outstanding questions in both research fields. The structural issues are centered around 
the viscosity contrasts between the magma and the wall rocks. Numerous models have improved 
our understanding of high strain-rate, brittle deformation in otherwise ductile rocks, but the 
geometries predicted by the models are not realised in reality. More accurate thermomechanical 
modelling of the physical properties of the near-source wall rocks (e.g. rheology, fracture 
toughness, elastic moduli) and the physical properties and phase behaviour of the viscous 
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granitic magmas are needed to better constrain near-source transport processes. Moreover, the 
disconnect between the rapid propagation of magma-filled fractures in subsolidus crust, where 
the viscosity contrasts with the wall-rocks are much higher, and the slow rates of flow of the 
viscous magmas should be a focus of future modelling efforts and should be considered during 
studies into micro seismicity in the crust beneath the brittle-to-ductile transition. 
One of the key precepts of granite petrology is the linking of the geochemistry of granite plutons 
with phenomena that occur in the source region. This work demonstrates that the geochemical 
complexity of plutons, whether cryptic or otherwise, is strongly derived from the ascent and 
much later accretion of small magma batches at the emplacement level. Thus, extreme care 
should be taken in interpreting geochemical and geochronological data in plutons, and 
improvements in sampling techniques are needed, in particular the mapping of the broader 
context of sampling locations within plutons. The episodic nature of granite ascent also implies 
that the homogenisation of plutons presents a particular hurdle to improving our understanding 
of granitic magmatic systems, and research should initially be directed towards macroscopically 
sheeted plutons such as are common in the Damara Belt. This approach could also lead to better 
constraints on the volumes of individual magma batches as well as aiding in the unravelling of 
the degree of interaction and homogenisation of magma batches at the emplacement level.  
All of the above point to the difficulty of unravelling the well-documented petrological 
complexities of granitic rocks and highlight the importance of interdisciplinary collaboration in 
the development of a more complete understanding the nature of granitic rocks. 
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